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EXPERIMENTAL HEAT TRANSFER AND FRESSURE DROP OF LIQUID
EYDROGEN FLOWING THROUGH A HEATED TUBE

By R. C. Hendricks, R. W. Graham,
Y. ¥. Hsu, and R. Friedman

SUMMARY

Tne heat-transfer and pressure-drop churacteristics of lLiquid para-
hydrogen flowing through a heated vertical tube were investigated over
the following range of conditions: Inlet pressure, 30 to 70 pounds per
square inch; average heat flux, 1 Btu per square inch per second maximum;
and temperature differential, 50° to 750° R between the fluid and the
well. As stored in the Dewar, the hydrogen was approximately 95 percent
pera. Two different test-sectlon geometries of 1l-foot length were em-
ployed; one had a 0.625-inch outside diameter and 0.085-inch wall, and
the other a 0.375-1nch outside diameter and 0.03l-inch wall.

Local pressure drop and heat-transfer coefficients for bolling hy-
drogen are presented. The wall temperature profile along the tube was
radically different from that observed in convective heat transfer with
single-phase fluids. For the larger heat fluxes, & minimum wall temper-
ature occurred somewhere near the end of the tube, and the maximum tem-
perature occurred near the entrance. A wvapor binding or dry-wall condi-
tion was apparent in some of the hydrogen runs. An empirical correlea-
tion for predicting the two-phase heat-transfer coefficient is presented.

Pressure-drop measurements showed that the frictional loss is small
compared with the momentum loss. In fact, a one-dimensional momentum
analysis can predict the pressure drop quite accurately.

INTRODUCTION

Liquid hydrogen appears to be a very attractive propellant either
in chemical systems in which it is burned with an oxidant, or in mono~
propellant systems in which it is heated by some device like a nuclear
reactor. Its low atomic weight, high specific hest, and high heat of
combustion all contribute to high specific-impulse values for either of
these types of propulsion systems. The undesiruble characteristics of




.»the prepellant include a large specifi~ volm;
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procedures associated with a low=temperaturs” cryoéen.

Beyond the attractive propulsive qualities, hydrogen appears és a

.800d coolant with an spprecisble heat-sink capability. Since many com~

ponents of -a propulsion system must be cooled, this is a further BYEU-
ment for hydrogen as & propellant

Mo evaluate liquid hydrogen properly as a coolant, more experimental
information is required concerning the heat-transport mechanism for both
subcritical and supercritical conditions. The problem is particularly
acute for hydrogen, because it 1s generally used at conditions where den-
sity changes rapidly. For this report, suberitical pressures from 30 to
70 pounds per square Llncit absolute and a narrow range of bulk tempera-
tures (low subcooling) are included in the experimentel conditions. The
heat-transfer characteristics of hydrogen were measured in an electri-
cally heated verticel tube. The tube was instrumented for surface tem-
perature and pressure-drop measurements. The temperature difference be-
tween the wall and bulk was varied from spproximetely 50° to 750 R.

The maximum heat flux was 1 Btu per square inch per second.

For the range of investigation, film boiling of the hydrogen and a
resulting two-phase flow phenomenon occurred. The heat-transfer and
pressure-drop results are discussed in terms of a two-phase flow model.
A correlation scheme is presented that is similar to methods employed
in correlating two-phase hcat-transfer processes with other fluids.

One of the variables employed in the heat-transfer correlation is
the Martinelli two-phase parameter %y, which is an index of well and
two-phase shear reslstence of the two-phase flow. Originally presented
in reference 1, this parameter was used to prediet two-phase pressure drop
from en estimate of the gas-phase pressure drop. Martinelli's friction
correlaetion was applled to a gaseous core and a ligquid annulus flowing
isothermally in a pipe. Appendix D shows that the same two-phase param-
eter %t evolves from an analysis similar to Martinelli's for a liquid
core and a gaseous annulus. Consequently, the application of this param=-
eter to the hydrogen two-phase flow is Justified.

Several researchers including Guerrieri and Talty (ref. 2) and
Dengler and Addoms (ref. 3) have correlated two-phsse fluid heat transfer
using the Martinelli parameter. A similar empirical approach is applied
to the film=bollling data of liquid hydrogen reported herein.
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'APPARATUS
Flow System

The test installation is shown schematicelly in figure 1: Liquid
hydrogen, stored in a large Dewar, was forced through the flow system by
external gaseous hydrogen pressure. The entrance piping to the test
section and the test sectlion itself were vacuum-jacketed to minimize
heat leaksge. After passing through the test section, the hydrogen en-
tered a steam heat exchanger where it was completely vaporized, metered,
and then exhausted into the atmosphere. All elements of the stack dis-
charge system were thoroughly grounded to prevent bulldup of static elec-
trical charge.

Flow raete and pressure level were controlled by remotely operated
valves upstresm and downstream of the test section.

Test Section

A sketch of the vertical-tube heat-transfer test section is shown
in figure 2. Two test-section geometries were used; the first was a
steinless-steel tube of 0.628-inch outside diameter and 0.065-inch well,
and the second was an Inconel tube of 0.375-inch outside diameter and
0.031-inch wall. The heated portions of both geometries were 12 inches
Jong. Approximately 5 inches of unheated test section preceded the
heated portion. The smaller Inconel tube was more extensively instru-
mented for local pressure measurements. Because of the importance of
pressure data in determining local heat-transfer conditions, the overall
data from the smaller tube were more amenable to analysis. The test sec-
tion was electrically heated by the secondary of a 65~kilovolt-ampere
alternating-current power supply (fig. 1). The maximum rated output of
the secondary was 13 volts at 5000 amperes. The test section was elec~
trically insulated from the adjacent piping of the flow apparatus by thin
Teflon gaskets and insulating grommets in the flange connectionsg.

Instrumentation

The measuring stations and types of measurement used for the 0.375-
inch Inconel tube are shown schematically in figure 2. The hydrogen flow
rate was metered upstream of the test section by a Venturi and downstream
of the heat exchenger by an orifice. The two flowmeters served as checks
on each other.

The test sections were instrumented with copper-constantan thermo-
couples silver-soldered to the outside well. Additional thermocouples
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were placed on the copper flanges to check heat leakage from the test %
section. All thermocouples employed an atmospheric boiling nitrogen
cold junction.

Pressure taps were located upstream and downstream of the test sec-
tions and along the heated portion of only the Inconel tube.

PROCEDURE
Operating Conditions

The following ranges of operating conditions were investigated:
flow rate, from 0.03 to 0.19 pound-mass per second; inlet pressure, from
30 to 70 pounds per square inch absolute; and electrical power input,
from O to 14 Btu per second.

Data Recording

During & run, pressure, flow rate, temperature, and electrical
power were recoxrded on tepe by an automatic voltage digitizer (ref. 4)
and vere avallable for immediate write-back on an electric typewriter.
The data tapes were processed by a high-speed computer, which converted
the data bits into the desired parameters for further analysis. Periocdic
checks of the digitized recording were mad= on conventional self-
balancing potentiometers and on a multichannel oscillograph.

Analysis cf Data

Symbols are listed in appendix A, and equations and assumptions em=-
ployed in reducing the experimental data appear in appendix B. The
reader should become acquainted with sppendix B as reference is made to
definitions and equations therein throughout the DISCUSIICN OF RESULTS.

The analysis of the heat losses peculiar to the apparatus is also
presented in appendix B. It is sufficient to say herc that the heat
leakage into or out of the test section was negligible. The table in
appendix B is included for the reader who may be interested in actual
nunerical values of the heat loss.

The thermodynamic and transport data of gaseous and liquid hydrogen
used in the computation of results are presented as the last figures
herein, numbered 8(a) to (f). These data are reproduced herein because
they are compiled from several sources, some published (refs. 5 %0 9)
and some unpublished. Also, since there are insufficient experimental ‘
property and transport data at the present time, the authors extrapolated
these data for their own use. For example, the only reliable viscosity
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and specific-heat data for liguid hydrogen pertain to l-atmosphere pres-
sure, but the date were applied to conditions at several atmospheres.

As more relisble data become avallable, the reader may apply correction

retios to these results to obtain results congistent with the new dats.

DISCUSSION OF RESULTS

The experimental date and some selected results for the 0.375-inch-
outside-diameter Inconel tube are tabulated in table I. _

Wall Temperabure Profiles

Figure 3(a) is a family of inside-wall temperature profiles for
various flow rates and heat fluxes. These represent typical tube temper-
ature profiles from the 0.375-inch Inconel tube, which are similar in
characteristics to those obtained with the 0.625-inch stalnless-steel

tube (fig. 3(b)). At the lower heat fluxes, the profile is rather flat;

but, as the heat flux 1s increased, the temperature profile takes on g
negative slope. Opposite to single-phase heat-transfer results, the
tube wall is actually hotter at the entrance than at the exit.

At first, 1t was thought that para to ortho conversion at the tube
wall might be influencing the tube temperature profile. However, an
analysis of the conversion reaction, as presented in appendix C, led to
the conclusion that no appreciable endothermic reaction could occur in
the vicinity of the tube wali, even though the wall material was cata-
lytic; the conversion rate is negligibly low. To verify this conclusion,
the interior of the stainless-steel test section was brush-plated with
gold. Within the experimental accuracy, no differences in temperature
were observed.

A more ressonable expianation for the wall temperature profile can
be developed by considering a simple one-dimensional model of the flow.
As the hydrogen enters the test section, immediately a thin vapor film
is established adjacent to the wall. When saturation conditions are
reached, a more turbulent exchange between the nonstable vapor film and
the liquid core takes place. While this exchange mechanism probably
represents a nonequilibrium condition because gas is generated at the
wall and also in the liquid core as pressure is reduced, equilibrium
conditions were assumed in evaluating quality. As the mixture moves
through the heated tube, more gas is generated, and continuity consid-
erations demand that the mixture wvelocity increase, which decreases the
pressure. A pressure decrease, lowering saturation level, requires the
fluid to absorb a port.m of the latent heat, thereby decreasing density
and increasing veloclty. As in any turbulent convective heat-transfer
process, increasing the velocity enhances the heat-transfer mechanism;
consequently, the wall temperature drops. The vapor generated before
saturation is assumed small and is a good approximation for small




subcooling; however, for large subcooling, the vapor generated must be
considered (see appendix B).

There are two important ecxceptions to the condition where the tube
temperature diminished monotonically from the inlet to the exit of the : :
test section. For the first exception, the liquid hydrogen entered the !
test sectlon subecooled and conseguently did not reach saturetion condi- !
tions until some staticn downsbream of the tube entrance.  Thus, the i
distance from the heater entrance to the station where saturation condi- o
tions prevail is greater than zero (see definition of saturation length, ‘
appendix B). It was observed that the tube wall temperature increased
and pressure decreased until the saturation-length station was reached.
Beycnd this point the tube temperature diminished in the manner previ-
ously described. It is interesting to observe that, if the hydrogen
entered the test section at saturation conditions or with quality, the
tube temperatures in the inlet of the heated section would be lower than
if the hydrogen were a subcooled liguid. (See runs 18-6 and 18-7, fig.
3(a); also note v and Py, differences, table I. ) One can conclude
that lowering the system pressure (lowering the subcooling) would help
the cooling process at the inlet if a subcooled fluid were present.

(See runs 20-1, 20-2, and 20-3, fig. 3(a), and compare subcooling through
use of table I and fig. 8(a).)

EIEE

The second exception to the monotonically decreasing wall tempera- .
ture involves an abrupt increase in wall temperature beyond the midpor-
tion of the tube. The effect was most noticeable with the 0.625-inch
tube. Figure 3(b) shows this wall temperature profile. The figure also .
shows how this condition grew with increasing heat flux. The abrupt
temperature change appeared to take place when the estimated quality
reached approximately 50 percent or greater. A similar phenomenon has
been observed with water and other fluids in boiling processes (ref. 3),
and it is called "vapor binding" or "dry wall." 8o much vapor is present
near the heating surface that in the turbulent vapor-liquid mechanism
practically no liquid particles get near enocugh to the wall to absorb the
heat of vaporization. The heat belng transferred appears principally as
sensible heating of the vapor phase, and the heat-transfer coefficient
more closely approaches the single-phase gaseous value.

Pressure Drop

The heated portion of the Inconel test section was 1lnstrumented
with four pressure taps. The pressure-drop profiles obtained for several
flow rates and heat fluxes are shown in figure 4. The pressure drop per ]
unit length may be obtained, with slight modifications, from (ref. 10)

2 g ‘
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Because of the apprecieble difféerence between the apparent demsity of the:
fluid at the entrance and at the exit, the pressure drop could be as-
cribed to momentum change, and the vigcous shear forces at the wall

could be neglected. Thus, the form can be simplified to the one-
dimensional momentum equation:

-2 “A%CA“ (2)

The simplified form predicts pressure-drop values that are roughly equilv-
alent to the experimental values. The dashed lines calculated using the
one-dimensional relation are superposed on the experimentel date of fig-
ure 4 to illustrate the relastilve .agreement of analysls and experiment.

Heat Transfer

Local values of heat-transfer coefficlent h are plotted as a
function of the test-section length for various mass-flow rates and heat
inputs in figure 5. These are typical data for both test sections and
wvere selected to show how the coefficient changes with heat flux as well
as weight flow. These coefficients for the 0.375-inch tube are also
tabulated in teble I. The heat-transfer-coefficient results for the
smaller-diameter test section were judged to be the more reliable bhe-
cause the local pressures were known throughout the test section.

Several empirical correlation schemes similar to those appearing in
references 2 and 3 were applied to the two-phase experimental heat-
transfer results. In reference 2 the Martinelli parameter Xyt and a
modified Reynolds number involving the mass fraction of vapor x were
used in establishing the correlation. Similar parameters were chosen
for the correlation of the hydrogen data.

First, 1t has to be established that the Martinelli flow parameter
was epplicable to the two-phase hydrogen flow model. In the original
development of the parameter (ref. 1), the fluld model consisted of a
gaseous core and a liquld annulus adjacent to the wall. By a similar
derivetion it was appsrent that the Martinelli parameter was applicable
4o the hydrogen flow composed of g liguid core and a gaseous annulus
(see appendix D).

Several methods of computing a modified Reynolds number for the two-
phase flow were tried. The fluid properties were evaluated at various
temperatures including wall, bulk, and film (the arithmetic mean of bulk
and wall) conditions. These Reynolds numbers, along with corresponding
Prandtl numbers, were used in calculating an estimated Wusselt number by
the modified Dittus-Boelter equation:




0.8p.0.4 ,
Nuggie,p = 0.023 Re®Pry o (3)

- In selecting a Reynolds number. that would epply to & broad range of
qualities (mass-percent vapor), the Reynolds number should be equivelent
to a gasecus one when the fluld spproaches the single-phase gaseous con-
dition. It was found that this requirement could be satisfied by defin-
ing Reynolds number in the following way:

Pf mUgyD
Re = _f.L:fa_V.. (4)

where the mean density of the film is

1

Pr * Py

x 1s quality (greater than zero, as discussed later), pf is the gaseous

density evaluated at film conditions, p; 1s the saturated liguid den-
sity, ugy 1is the average velocity of the mixture of liquid and gaseous
phases, and pg 1s the viscosity at gaseous film conditions.

In addition, writing the density as pf,m modifies the film den-

sity for the liquid droplets present. Perhaps these droplets, diffusing
toward the hot wall, are partially vaporized and then '"bounced" back into
the core. At high qualities, apparently very smgll amounts of diffusing
liquld are present in the film; thus, the mean film density spproaches
the gaseous value.

Figure 6 shows a ratio of the experimental Nusselt number to the
predicted Nusselt number (based on the preceding definition of Reynolds
number) plotted as a function of X4y. The data points represent local
conditions at four axial stations near the midportion of the small-
diameter Inconel test section. Such & selection of axial stations obvi-
ated the end effects. The data mey be represented by the following
equation:

Nuggie,r
Niexp,f = 61T + 1.93 Xit, £ ()

Equation (6) is a least-squaves fil to the data from I, = 5.86 to
9.4 inches and is valid for qualities frrom 0.05 to 0.9 over the range
of pressures covered by this report. The equations may be extended,
with reservation, to qualities of 0.0l (see fig. 7).

It should be noted that the true case is probably neither a sep-
argte phase flow as assumed in the derivation of X¢t nor a homo-
geneous flow as implied by the intrcduction of x in pf,p. Hence,

9.6
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the incorporation of both parameters based upon these extreme cases
gave correlation (8).

As quality increases (Xt decreases), the ratio of Nusselt numbers

‘begins to spproximate unity. However, a careful look at figure 8 shows

the Nusselt number ratio to be greater than unity at the low X4 val-

ues. Apparently the presence of nonequilibrium quantities of colloidal
particles alters the single-phase gaseous heat-transfer mechanism. It
is expected that the experimental values of Nusselt number would equal
the predicted values when the flow is strictly single-phase gaseous, as
shown by reference 1ll1. Similar results were obtained for helium in ref-
erence 12.

It is falrly obvious that the gaseous film density cannot be as-
signed to the Reynolds number when the fluid is approaching the com-
pletely liquid state. Somewhere at high values of %y, low quality,

the Reynolds number should be redefined incorporating liquid properties.
Figurc 7 includes the families of local data over the tube length. The
axial stations included in the correlation begin sbout 0.625 inch from
the inlet (or where saturation occurs) and end 1.6 inches before the
tube exit. A least-squares fit to these dats yields

Migyo, g = Nucale, £
P 0,706 + 1460 Xy, p - 0:123 XE¢ o

This equation and equatlion (6) are superimposed on the desta of
figure 7 for comparison.

The families may be represented by equation (6) with the following
observations:

(1) The predicted value of Nusselt number is usually lower than the
experimental at the inlet and higher at the exit. This tendency in the
Nusselt number suggests that a length-diameter-ratio correction might
improve the correlation. Additional tube geometries would be required
to establish the effect of the L/D term experimentally. Consequently,
no attempt to suggest an L/D correction is presented herein.

(2) The correlation applies for moderate subcooling at the pres-
sures considerably below critical and to lower degrees of subcooling as
the pressure is increased. The sensitivity of the correlation to the
subcooling is much more pronounced near the critical pressure.

As was mentioned in the INTRODUCTION, Xt is a measure of the
fluid resistance of the two-phase flow. It has been used to correlate
two-phase fluid-flow pressure drop. In its use as a parameter for two-
phase heat-transfer correlatlons, it may be interpreted as a correction
to the shear terms in the Dittus-Boelter eguation.
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A design procedure 1ls treated in some detall in appendix E. This
procedure, while nearly comprehensive, must necessarily be modified by
the designer to suit the particular applicatioénm.

SUMMARY OF RESULTS

1. The turbulent two-phase para-hydrogen heat-transfer data are
correlated using the Martinelll parameter X¢4,r and the modified

Dittus-Boelter equation Nucalc,f‘ The data are represented by

Nuggye, r
Nuexp'f Q.811 + 1;9”5 Y’EE i (6)
b
vhere
_ 0.8p.0.4
Nucalc,f = 0.023 Re""“Pry (3)
and
pf muavD
Re = 2T (4)
f

Equation (6) holds at least over the ranpe of conditions studied: inlet
pressure, 30 to 70 pounds per square inch sbsolute; average heat flux, 1
Btu per square inch per sccond maximum; and temperature differential,
50° to 750° R bhetween fluld and wall.

2. Wall temperature proflles were generally high at the inlet and
decreased toward the exit; this trend is Just the opposite of that usu-
ally observed for convectlve heat transfer with single-phase fluids.

3. Pressure-drop measurements indicated momentum losses to be
greater than frictional loss. A one-~dimensional mementum analysis can
be used to predict pressure drop.

4. Heat sbsorption due to para-ortho conversion is small and at
least within the accuracy of the experiment.

5. Appendixes present Justification of assumptions, methods of cal-
culation, para-ortho hydrogen conversion analysis, and a design
procedure.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, January 11, 1961
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m,n

area; sq £t

material’thicknéss

concentration, (g-mass)(moie)/ce

specific heat, Btu/(lb-mass)(CR)

mean specific heat, Btu/(lb-mass)(CR)

tube diameter, in.

diffusion coefficient

FPanning friction factor

acceleration due to gravity, ft/sec?

conversion constant, 32.174 (lb-mass/lb-force)(ft/secz)
heat of conversion, (g-mass)(cal)/(g-mass)(mole)
heat-transier coefficient, Btu/(sq in.)(sec)

constant

equilibrium constant

reaction rate, sec-1
reaction-rate constants, cm/sec

local test-section station, in.

test-section length, in.

distance from inlet of heated section to point where satura-

tion conditlions occur, in.
mass fraction of vapor existing at Ilnlet

exponents
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Nugale,f

Nuoyp, £

Pr

Ap/AL

' Nusselt number computed £rom modified Dittus-Boelter squa-

tion using f£ilm temperature to eveluate properties
(eqa. (3)) :

exﬁerimentél Nusselt number, he#PD/Kf

nﬁmber of voltage taps

Prandtl number, Cpp/x

static pressure, lb/sq in. or mm Hg

pressure gradient, (1b/sq in.)/in. .
heat flow, Btu/sec

heat flux, Btu/(sq in.)(sec)

gas constant, 82.05 (atm)(ce)/(g-mass)(mole)(°K)
Reynolds number (eq. (4))

conversion rate, (g-mass)(mole)/(cmz)(sec)
tube radius, in.

temperature, °R or %K

temperature difference, °R or °K

time, sec

velocity, ft/sec

volume, cc

mess-flow rate, lb-mass/sec

quality, percent vapor by mass

distance from wall

form factor, liquld area

form factor, gaseous area

correction coefficient for hydraulic diameter
boundary-leyer thickness, cm

enissivity
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Subscripts:
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Cu

can

e

eq

exp

in
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thermel conductivity, Btu/(ft)(sec)(éR)

thermsl conductivity of material) Bti/(ft)(sec)(°R)
heat of vaporization, Btu/lb-mass S
viscosity, 1b-mass/(ft)(sec)

density, lb-mass/cu £t

mean film density (eq. (5)), lb-mass/cu £t
Stefan-Boltzmann constent, 0.173x10-8 Btu/(hr)(sq £t)(°R%)
helf-life, sec

Martinelli two-phase parameter (voth phases turbulent)
(eq. (D186))

average

bulk temperature

copper

vacuum container enclosing test section
exit '

equilibrium

experimental

flange

film conditions, arithmetic mean between wall and bulk
temperature

gas
inside wall of test sectlon

inlet
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tot

tp

station alchk'héated length
liquid

outside wall of test section
orifice

ortho-hydrogen

pera-hydrogen

radiation

saturation

time

total

two phase

Venturi

voltage tap

voltage~tap wire

wall

thermocouple location 1/2 inch from flange
thermocouple location at flange

instrumentation junction strip

N
©
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| ABFENDIX B

COMPUTATIONAL FPROCEDURE
Tnside-Wall Temperature

The tube surface thermocouples were mounted on the exterior surface.
Values of the inslde-wall temperature were computed from the following
expression (ref. 13), which presupposes uniform radial heat flux through
the tube wall (tube generating power):

P S
Knm

where

Sgturation Length

Before computing the local density and quality of hydrogen at any
axlal station in the tube, some simplifying assumptions are required to
establish where vapor accumulation begins.

It is recognized that, for the rather appreciable differences be-
tween the wall and the bulk temperatures, bolling probably begins at the
entrance of the test section. However, if the local bulk tempersture in
the tube entrance is less than the saturated temperature, subcooled boil-
ing occurs. For most of the actual experimental runs, some degree of
subcooling at the entrance was prevalent.

In computing the quality of the hydrogen at any axial station in
the tube, it was assumed that an unapprecisble amount of vapor was gen-
erated when the bulk was subcooled. This agssumption 1s valid for low
subcooling. Thus, quality was assumed to appear in the tube only when
saturation conditions were reached. A saturation length 1 has been
defined as the axial distance from the entrance of the tube to the loca-
tion of saturation conditions. In computing 1, the bulk temperature
and pressure profiles are required. The pressure profiles were obtained
from the data, and the bulk temperature profiles were obtained by
computation:




T'I‘J,,Irkl = Tb,L +

ik i i s - L S SR,

where C is evaluated st Ty 1;

il bt [

AL = L1y - 1q, :
T =To,1*+ (T3] & Bl g |
B,LL = "o,k (Ltiv) Tp- ) >
vhere Cp 1is evaluated at (TI'_),L+:L + T‘o,L)/Z‘
1 To each pressure there correcponds a saturation temperature; thus,
1 may be computed by locating the first station where Tb,L > Tb,L,sat *
(Tb,L,sat based on pL), retiring one station, computing Al, and add-
f ing the station length (see sketch).
Pr, PL,sat-1 PL,sat
l |
I {
Flow =t Saturation . i
[ | oceurs (pgat;
T )
e A7 __l b,sat .
. A
b’L Tb;L > Tb,L)S&t
Tp, L, sat-1
Length = Lsa.t-l
‘ The pressure drop, to obtain Al, was computed from
{
|
; Pl
Pr,sat = PL,sat-l ~ ZLE al
where
_&p  Pr,sat-l - Pr,eat (52) .
AL~ Lgat = Lgat-l

Cirtoe 4w e m o
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: (Bl): (B2), and a.mexpaneni:iﬂ or. pelyn

_Tb,aat' Then,
To,sat = Tb,1,s8t-1
Al = t ~_b,Lsat-l
[F5)
LWy
and
1= I"S&t"l + Al (Bs)

Reference 14 presents an experimental study of the void fraction
(flow ares occupied by vapor) for water at 2000 pounds per square inch,
vhich 1s pertinent to the definition of 1. The attenuastion of gamma
rays was the experimental technique used to measure the void distribution.
Appreciable quantities of vapor were measured for subcooled boiling.

Heat flux and the model of the two-phase flow (whether stratified or dif-
fuse) had a marked influence on correlating the void fractlon with the
quality.

While these water data cannot be applied directly tc boiling hydro-
gen, they do point out the limitations of the assumption used in computing
hydrogen quality. An estimated comparison of the actual quality distribu-
tion through the tube with the computed distribution might lock like the
following sketch:

For the data reported herein, the subcooling was moderate and the vapor
generated to 1 was small. The solld curve is not & straight line be-
cause the pressure drop through the tube produced a superheat condition,
which is favorgble for vapor production.

There were a number of experimental runs in which saturation condi-
tiong occurred before the fluid reached the heated portion of the test

BT T T DA T SR PR St
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section. For these cases, a negative 1 with respect to the teste
section inlet was considered. Thése cases were computed separately from
those in which 1 was positive and will be treated in the discussion of

_quality.

It is speculated that the analysis used is relatively accurate in
the midportions of the tube, the portion used for the heat-transfer re-
sults. The gquality in the subcooled entrance region and in the exit
section, where & vapor layer and end losses reduce the production of ad-
ditional vapor, will not be predicted accurately. ,

Quality

The quality downstream of the saturation length is computed from

___Q__ Lt- 1)
X = Ter (r——x—— (B4e)

For the experimental runs in which saturated conditlons existed up-
stream of the heated test section, 1, in (B4a), was taken as zero, and
a mass fraction of vapor m was added to give the local quality:

x = .L.% (%*:) +m (B4b)

The method for computing m can be best explained by referring to
the following sketch:

Tl Approach section
Flow “ l B B
L ot ) Z Exit
p’ - Pin”| le— Heated —al
1 Saturation portion
point

psat’Tsat = Tl

where Ty 1is the bulk tempersture measurement at the entrence to the
test section, and Py is the corresponding measured pressure. From

the pressure-drop data, a station in the unheated tube is determined
where saturation conditions exist. The bulk temperature of the fluid is
assumed constant throughout the unheated section up to this point.

91.‘6.-@ DLonm ol nIuEm
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~ The enthalpy change from the saturation point to the heated tube
inlet caused by eveporation is approximately the difference in the satu-
rated ligquid enthalpies between these stations. Since the preoperties
change little in the approach section, one may determine the quality at
the entrance by

- Ef(Tsat = Tin)

- (B5)

mn

where Ep 1s the specific heat evaluated at (Tgat + Tin)/z,
Ty = Tgat = bulk temperature, and T;, = saturated bulk temperature at
inlet (based on pressure). There were no runs where saturation occurred

before the approach section.
Density and Velocity

The density at any axial station can be computed from knowledge of
the quality:

1
b= Tx . 1-% (z6)

p

pg,sat 1,satbt

The local velocity may now be computed from one-dimensional
continuity:

ugy = = (B7)

Estimation of Heat Losses

Since no experimental method was used in measuring the heat losses,
they had to be estimated. To facilitate the calculation, only very
simplified geometries were used. It was found that, among all the pos-
sible causes for heat loss, the major ones were radiation loss, heat
loss through the electrical copper flanges, and heat loss through copper
voltage taps.

Radiation logs. - The radiation from the body at T, to an envelop-
ing body at Tean 1is the radiation healt loss:
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°'Ao(Tg "Tgan)

® " 1 To l” ..(BB)
o ool | o

vwhere the temperature of the stainless-steel vacuum container T,,, is
taken as 500° R, the radius r.,, is 7.5 inches, and the emissivity
€can 1s 0.5.

Conduction loss through flanges. - A first approximation to the -
axial conduction through one end of a hollow cylinder with power gen-
erated in the cylinder is as follows:

2 .2
= 2 1(x2 - rfJoy(Ts - T,)
¥ Iz - Ly
-

(B9)

where 1o 1s 0.1875 snd 0.313 inch and ri 1s C.1565 and 0.248 inch for
the 0.375- and the 0.625-inch tubes, respectively; the thermal conduc-
tivity of Inconel or stainless steel k) is approximately 2x10-4
Btu/(in.)(sec)(®R); and Ly - Ly is 0.5 inch.

Conduction loss through voltage taps. - Conduction through a slim
rod is obtained as follows:

2 T - T
Q-V = nvﬂrVJKCLZ (EQ——LE) (BlO)
1 -

vwhere the number of voltage taps ny 1is 8, the radius of the voltage-
tap wire 1y is 1/64 inch, the thermal conductivity of copper Kg,

is 4.63x107% Btu/(4in.)(sec)(°R), the temperature of the junction strip
for instrumentation within the vacuum jacket Tg = (T./2) + 250° R, and
the distance between tube and instrument junction strip I, - Lg is 2
inches.

In general, the averaged outside-wall temperature increased with
total heat input Qi ¢, and the term Tz - T4, shows the same trend.

The following table summarizes the estimates of various forms of heat
loss from the Inconel tube as a function of total heat Input Qi ¢:

A6,
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Qtots Btu/sec
2.7 4.6 7.1 9.9 12.6 )
T, °R 270 390 | 520 | 630 | 680
Tz - Ty, °R 100 170 210 290 330
Heat loss®, Btufsec:
R . -0.0021 [-0.0014 | 0.0007 | 0.0038 | 0.0059
Qp .006 .0088 0118 .0155 .0185
Qu -.00018| -.0008 | O .0008 | .0013
541 oggs Bbu/sec 0.0037 | 0.0086 | 0.0125 | 0.020L | 0.0257
Percent loss 0.137 0.143 | 0.176 |0.203 |0.214
Negative sign denotes flow of heat into test section.
The tabulated values of heat losses indicate that data corrections

for heat loss are not warranted.
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~ APPENDIX C -

PARA-ORTHO CONVERSION

Because of the strange shapes of wall temperature profiles encoun-
tered in the boiling of liquid hydrogen, questions were raised as to
the possible effect on the heat transfer of the conversion of para-
hydrogen (B-Hz) to ortho-hydrogen (Q-Hz). This speculation was based
upon the following considerations:

(L) The liquid hydrogen used contained about 95 percent DP-Hp, while
the equilibrium concentrations of p-Hp are 50 percent at 138° R and 25
percent at 540° R.

(2) The heat of reaction for para-ortho conversion is known to be
comparable to the latent heat of veporization at or near the boiling
point. In addition, the specific heat and thermal conductivities of the
two modifications of hydrogen are quite different when the temperature
is below 650° R.

Mechanism of Para-Qrtho Conversion

In order to estimate the effect of this para-ortho conversion, it
is necessary first to examine the associated mechanisms and then to
determine which one mey apply to the experimental system.

The para-ortho conversion mey take place in the following forms:
(1) Homogeneous reactions:

(a) Direct transition: A very slow reaction, about one tran-
sition every 300 years.

(b) Collision of molecules: Half-life time is 3 years.

(c) Collision with hydrogen atoms (H): The H atoms may be
generated by photons, electric charges, alpha rays, and gamms rays.
But it is also a very unfavorable reaction for ortho to para con-
versicn at 138° R (see ref. 15). Since no radiation source exists
in the hydrogen heat-transfer spparatus, this reaction mechanism
is eliminated.

(2) Heterogeneous reactions:

(a) Paramagnetic mechanism: The Hp molecule is sbsorbed and

the spin is reversed (ref. 16). Catalysts for this process are
paramagnetic oxides, charcoal with traces of impurities, and others.

gLe-d
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(b) chemisorption. He molecules are ehemis pednen m
and activated (ref. 16), The bopds between H atoms are broken snd
recombined. Thus, & good catalyst must have a strong chemisorption
property toward Hpz. Among the active chemisorption materiasls men-

tioned in reference 17 are tungsten, nickel, tentalum, end tellurium.

Thus, it follows that stainless steel and Inconel should bé good
catalysts. 8Since the tube wall is the hottest spot in the eppara-
tus, the para-ortho conversion should teke place at the stainless-
steel tube wall If there is any such reaction.

Based upon the preceding survey, 1t appesrs that investigation sbout the
possibllity of para-ortho conversion should be directed toward the reacw
tion at the wall.
Conversion Rate in Heterogeneous Reactions

The mechanism for conversion can be assumed to occur as follows:

(1) Diffusion of p-Hp through a boundary layer to the wall

(2) p-H2 to o-Hp on the catalytic wall

(3) Diffusion of o-Hp out through the film

By assuming the para-orthio conversion to be a firsi-order reaction,

dCpara
-%1Cortho,w * XeCpara,w = Py dy (c1)

where k; and kp are absolute reaction-rate constants, 9 is the dif-

fusion coefficient, and y is the distance from the wall. With the as-
sumptions of a linear concentration profile across the boundary layer of
thickness © and Cpara,b »> Cortho,b’ it can be shown that

X = gxklcparazb (CZ)
(L + Keq)ky + %"

vhere R is reaction rate of moles per unit area per unit time; b re-

fers to bulk temperature; Keq is the equilibrium constant at wall tem-
perature, Cortho w/Cpara,ws #d Keq = 3 for T > 3500 R.

If the analogy between hea’c transfer, mass transfer, and momentum
transfer is used (ref. 9), it can further be shown that

3
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il e\
| (SoqVTF5) g5 Cpara,p &)
Boverall = Pthermal|l *+ : == (c3)
‘ (1 + Keq)ky + Ngnermal G
oP

or

_ LHR
Boverall = Bthermel * 77

where hoyeral1l 1s the overall heat-transfer coefficient, hipoymal 1s
ihat fur the cuse without para-ortho conversion, and fy = Pp/p is a
constant (f, = 1.28 to 1.37).

However, since in most practical cases the wall tempereture is near
or above 540° R where A 1s very small, the contribution to the heat
transfer due to para-ortho conversion must be negligible. Thus, even if
there is some conversion, the only effects on heat transfer will be re-
lated to changes in the magnitude of Cp and transport properties. As

to Ty < 540° R, AH is not zero, and equation (C3) may still give some
information about this additional heat transfer due to conversion.

Estimation of Reaction Rate

To weigh the effects of the secondary factors such as differences
in thermal conductivities and specific heats, it is instructive to esti-
’ mate ‘the reaction rate. Equation (C2) may be used if k; is known.

However, because of the lack of data, k; 1is not readily available. The
only information that 1s useful is an experimental determination of half-
life time <t for para concentration at a nickel wire with surface area
of 1/2 square centimeter and the gas volume at 773° K and p = 100 milli-
meters of mercury. These half-life data will be used to estimate reac-
tion rates. From reference 9,

Temp. , Half-life,
T, oK T, sec
323 5000
398 2000
, 423 800
! 448 500
| 473 150

r It was further shown in reference 9 that

T sy

9L6-H
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=04 = constant o (ca)

This information 1s, of éourse, far from adequste. - But to get a first-
order estimate, this 1s better than nothing. Further, it should be

-noticed that, since no information was available as to the thickness of

film, and so forth, application of these data also implies the assump-
tion that diffusion rate in this experiment was about the same &s the
cne in the present system.

In reference S,

= -k(Cy - Coq) : {co)

where Cy refers to concentration at time t, and k refers to reac-
tion rate. In terms of moles converted per unit time and area, then,

kV
a-= =z (Ct,para - ceq,para) at Ty
= k'(Cy,para = Ceq,para) (cs)
where
k' = k_v. = l_n._z. (Z)
A T A

But, for the experimental system,

V= 500 ce, A= 0.5 8q cm

Therefore,
(1n 2) 299
. 0.5 _ 633
k' & me———— = == cm/sec
Suppose

T, = 852° R, T = 150 sec, p = 100 mm

At conditions vhere T = 800 millimeters, using equation (C4), T is

004
800
T = 150 (IEB) = 344 sec




-

~ Further, at

Ty = 852° R, p = 800 mm
then
. '
Cy, para RY. (100% pars from bulk)
Cpara,eq = 0-25 ﬁ%:
Thus,

693 800 1 1.8
®- 0 (- 0’25)(7—6(5 82.05 Ts?s'é)

= 4.1x10"° g-mole/(cm€)(sec) = 0.6 1b/(sq £t){hr)

At a wall temperature of 500° R, AH due to para-ortho conversion
will be small, AT large, and R small; therefore,

hthermal ~ hoverall

Knowing 4, the total weight converted at a specific flow rate can
be estimated. The total conversion rate in a l2-inch-long, l/z-inch-
inside~diameter tube becomes

/2
Rior = 0.6 (Eé‘) (1) = 0.0785 1b/hr
For a flow rate of 0.1 pound per second, the welght percent converted is

0.078%
Seoo0.1) ~ 0022k

Thus, para-ortho conversion should have no effect on the experimental
data.

Experimental Results

Since the para-ortho conversion is endothermic, it should help the
heat transfer; and thus the steinless-steel tube should be expected to
show a lcwer wall temperature than a gold-plated tube. But the experi-
mental date showed the gold-plated tube tc give a lower well temperature.

9.6-4
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Therefore, the deviation between the two proflles of wall tempa,amure
1s more likely to be due to experimental error than to Eara-ortho
conversion.

Conclusions

(1) The para-ortho conversion should take place on catalytic tube
wvalls.

(2) The reaction rate was estimated to be negligible in the present
system. Further, because of low heat of reaction, the effect on heat
transfer, if any, should be only secondary.

(3) Experimental results with different surface materisls showed
no effect of the presence or absence of a catalytic surface.
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AFPENDIX D

MARTINELLI PARAMETER Xt
Introduction

One of the variables used in correlating the data is the Martinelli
two-phase parameter ¥tt. The two-phase pipe-flow model was composed

of & cylindrical gaseous core and a liguid annulus around it flowing
along the wall isothermelly. The general form of the two-phase pressure-

drop equation is

(&), - @) rxee) (1)

The parameter Y must be determined experimentally and is a cor=
rection coefficient for the hydraulic diameter of annular flow and the
veloclty of one phase relative to the other. Martinelli interprets the
Xgt, parameter as an index of the wall and two-phase shear resistance of

the two-phase flow.

There are two differences in the two-phase hydrogen flow model as
compared with Martinelli's original model. First, heat transfer is
present, whereas Martinelli considered only an isothermal case. The
presence of heat transfer would affect the magnitude but not the defini-
tion of the friction factor. (Martinelli used the Blasius equation.)

Second, the hydrogen gas phase is adjacent to the wall, and the
ligquid phase mekes up the core. This is an inversion in the position
of the phases in the pipe as specified by Martinelli. However, it is
shown that the same two-phase parameber X4t evolves from the subse-

quent anelysis, which is quite similar to that of Martinelli.

Martinelli Two-Phase Analysis
The principal assumptions used in reference 1 are:
(A) Gas-phase ApfAL equals liquid-phase ApfAL.

(B) Volume of gas plus volume of liquid equals volume of pipe at
any instant.

The pressure drops {gas and liquid) can be expressed by the Weisbach
equation (ref. 1):

9L6-1
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r (02)

-(gg)tp,g " ' B, Y

Note that the Ap of the two-phase flow is greater than that of eilther
single phase because, in asddition to wall friction, there exists a vary-
ing gas-liquid interface.

Again recall that Martinelli considered a two-phase systom in which
the liquid was an annulus flow adjacent to the wall, the gas phase con-
stituting the core. Defining the hydraulic diameter for cylindrical
flow as

Xpa=a
4

where A 1is the area encompassed by the fluid, Martinelli wrote expres-
sions for the effective hydraulic diameter of each phase:

aﬁD%
A, = &
4 4
. (D3)
P
g 4

where o and B are form factors and in effect ratios of the actual
crogs-sectional area to a circular cross section. For his flow model,
Martinelli argued that B =1 and o >> 1. For the hydrogen flow,
a1 and B > 1; thus, some modification to his presentation 1s
necesgary. ’

Assuming a =1 and B f 1l, the mean fluid velocities may be com-
puted from

4. b
W
uz = 2
“D§pz
> (D4)
4&%
Ug = 5
BﬂDgp
SJ
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vhere w; and Qé are flow rates of the liquid and ges, respectively.

Martinelli notes that, strictly speaking, equations (D4) camnot be sub-

stituted in equations (D2).
B or o corrects for this situation.

However, the experimentel determination of
The veloclties in equations

(D2) should involve the velocity of one phase relative to the other.

The isothermal friction factors {§; and ;8 mey be expressed in

vhere K;

the generslized Blasius form:

§s = . m
8
(BDs"‘a) _

and K, are empirical constants.

pheases are turbulent,

K, = Ky = 0.18¢

n=m= 0.2

(ps)

For the case where both

Similar friction factors for nonisothermel conditions may be defined,

and the constants change.

tions (D3) to (D5),

A% w2
LR Pl FRE
4

N

R n
w1
(”z "z)

Using equations (D2) and substituting equsa-

1 pl

.2
W

g

), L% () P

m
( )

£ 1 (Déb)

Pg

9L6-d
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- Using aaswnp'bion (A) and: equating (DGa) and (DSb), so.lve for the ra.tio
D;/Dg and substitute the values for m end n!

/o \2 0.75/ \0.083/ \ 0.416 '
D1)* _ go.7s (1 1‘1) g o)

Using assumption (B),
x .2 7 T .2
7 DiL + 7 BDgL = I Dpipel (p8)

or

D¢ + D2 = DZ 65
Diameters D; and Dg are unknowns. Martihelli solved for Dg,

which was the diameter of the cylindrical gaseous “core. For the hydro-

gen model, D; is the diameter of the cylindrical liguid core. Conse-

uex)xtly , an expression for this parameter will be found using equation
D7):

2 ppé .
o - \0.75 0.083 0.416 Dpipe (p10)
30.75(_5 ) <£s)
. )
W4 Hg 1
or
D
e = (p11)

ﬁ -0u75 -00083 -004:16
14 BO .85 z EZ_ ,e&
Wg l'lg pl

This is similar to Martinelli's answer for Dg.

Referring to equation (D6a), it can be shown that

5-n
@, (OO R e
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Thus,

S5-n
) . (%) (Ceize
(AL)tp (An)z< Dz)
4.8
@)
Using equation (D11),
. q2.4

* \~0.75 -0.083 =0.4186
(&) - (éP-) 1+ p0-25(L ) % (p14)
&jep BN Vg He P1

-l

Martinelll obtained a comparable result:
2.4

o \ 075 . +0.0835 , +0.416]
ée) - (92) 1+ a°-25(-l\) (J- g (p15)

To correlate his results, Martinelli sought a parameter that would
produce o for variocus flulds. It so happened that the multiplier of
a in the previous equation did the job. For simplicity, this was
celled Xtt. It represents the shearing force in the two phases.

The Xttt parameter was found more convenient to compute if the ex-

ponents were changed to more even digits. Raising each term to the 1.2
power does not change the "weight" of each term; thus, X4y was written

as follows:
1 ﬁso.sai&o.l<ﬂ)o.5
X\ Hy Pg
0.9 0.1 0.5
X u Py
=) 6 G e

In this report, Xty 1s used rather than the inverse form as would
be obtained from equation (D14).

9L6-8
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APFENDIX E

DESIGN PROCEDURE

There are many design methods and procedures and meny two-phase

‘systems in which the data of this report mey be applied; however, only

one system will be considered herein.

In applying this correlation to a design problem, such as the
channel of a regeneratively cooled rocket engine, the designer should
have approximate values for the channel geometry, inlet pressure and
temperature, the mass-flow rate, and the combustion-chamber and nozzle
properties. With this idea of channel geometry, the designer can then
calculate the heat-flux distribution with or without radiation by a
methiod such as that outlined in reference 18. Methods outlined in ap-
pendix B will be employed, without further reference, to obtain scue of
the lollowing design information.

For a first approximation, assume a constent pressure profile, Pipe

(a) Determine 1 by computing the bulk temperature:

QP - Q
To,141 = To,1, * (ﬁ)%}) (E1)

where (Qp - Q))/(Lp - I) is the heat input per unit length, and AL
is the length between Lryq and ILy. Since Tp,sat is known from the
pressure (i.e., P =R )y

1 = LS&t-l + Al (BS)

n

follows immediately. The ! estimated in this manner will usually be
greater than the actual 1, but is a good approximation for low
subcooling.

(b) Compute x using A evaluated at p = const. = pyp.

(c) The average density at each station is then estimated using
the saturated liquid and gaseous densities. The average denslty prior
to saturation (1 > L) is obtained from the bulk temperatures, previously

computed while determininz 2.

(d) The static pressure at each stetion is computed using one-
dimensional continuity and momentum pressure drop (see also fig. 4):
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= oud - o (me)
- & _&_ a3} ' 2l
Op T ._( )

The designer must now iterate the processes of finding xy, I, pr»
prs while using pr, to determiné Ty 1 gat (see fig. 8(a)), until the

‘desired accuracy 1s attained. After obtalning this information, com-

pute Xgt,p+ Equation (6) will then yield the ratio Nuggic,f/Nuexp,f
Compute Nuggie,f using

Wuegle,s = 0.023 ReO pry (3)

and local properties evaluated at film temperature (arithmetic mean be-
tween bulk and wall). Transport properties are avallable in litereture
froi the National Bureau of Stendards (refs. 5 to 7). The local heat-

transfer coefficient htp,], now becomes available through Nuexp,f (eq.

(6)). Compute the coolant wall temperature accounting for the material

and find the heat-flux distribution into the fluid. Since input heat and

absorbed heat will generally not asgree, an lteration of the entire bulk
cooling process will be required to balance the gas-side and liquid-
side heat fluxes. One must keep in mind that the hyp,; computed will
probably ve conservative, since a rocket channel heats only a portion
of the wetted perimeter, while in this experiment the entire wetted
perimeter was heated.

To recapitulate, using figures and formules (see text and eppendix
B for source of equations):

(1) The designer must know something of the geometry and condi-
tions to be met. Consider a single-pass channel:

Flow

/

L - - Engine ¢ —_—

A1, 1s not necessarily > Ap.q

9678
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(2). The heat-flux distributicn must be estimated (see ref. 18):

l

Y

)

(3) The saturation length may be estimated from
To,1+1 = To, 1, * (%2—:%-) %}; (£1)
1~ Lgproy + AL (B3)
For constant heat input per unit length or saturation prior to heating,
see appendix B.
(4) The local quality may now be computed:

Q2 - Q\/AL
= e || = E3
(Lz - Ig)\in\ (2)
and, for constant heat input per unit length,
x =2 E’t_:l) (Bda)
Ltw A
(5) The local two-phase density is given by
1

= B6
Po X + 1 - (86)

Pg,sat Pil,sat
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(6) The local velocity may now be estimated from the one-dimensioﬁal ‘

continuity equation:

Vu.av = —l- ‘ (B?)

PRt
(7) The locel pressure drop is estimated using equation (2):

Ap o= VA 2
p T (2)

(8) Tterate the preceding steps to obtain better approximetions
for the flow parameters.

(9) The approximated pressure drops may appear as follows:

Assumed for first
approximation

Computed from

final iteration T~ Computed from first

approximation

Computed from second

omputed from approximation
iteration of entire >~
process (not
necessarily lower)
"

(10) Calculate Xy y from

N 0.9 up 0.1 o, 0.5
X
Xit, £ =(1 - X) (HE) (35) (p26)

(11) Estimate the Nusselt number ratio by using equation (6):

Nucaie,
= [
Niexp,f = §781T + 1.93 Xet,f (&)

PR

Ot =nT
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(12) Compute the local Nusselt number using the modified Dittus-
Boelter equation: ' ’ T o

0.8

Micge,s = 0-023 ReO*Oprd - (2)

where

u... D
Re = Pf, m%ev (4)

Hr

and

1
pf:m = x/pf + (1 = x)/pz (5)

(13) Using steps (12) and (11), compute the local two-phase heat-
transfer coefficient:

ha
_ 1 % Vexp, £ y
htp,1 = 5 (—"K_r )L (E4)

(14) Compute the liquid-side wall temperature Tw,L accounting
for the wall thickness:

- 4
Tu,1 = T - K5 (E5)

Other forms of computing heat transfer through the wall may be more
desirable and should then be used.

(15) The heat absorbed by the ligquid mey now be estimated:
(dabsorbed by 1iquid’n = bep,L(Ty,1 - Tv,L) (Ee)
(16) Compare Qapgorbed,I PY the liquid with the desired qr,

and adjust paremeters used accordingly and iterate.
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TAILE I. - -
[Q = hent flow; = heat fluxj W = mass-!‘low z-ave.]
Axial diat:ance Local static Local Average Local Looal bulk Inside wall ‘Heat~transfer
from tube inlet, pressure, veloolty, denuity, qualiby, temperature, | temperature, coefficient,
L,. P, . g’ X, Tye Tw, 4 n, »
in, 1b/8q in. aba ft/aec- 1b/ou ' 5 vapor OR oR Btu/sq in,-sec<%R
. . by masa TotT T
Run 18-2: W = 0,177 1b/eecc; Q@ = 2.77 Btu/sec; q = 0,235 Btu/{sq 1in.)(sec)
0,055 45,1 82.3 4,02 (o} 44,5 249.0 0,00115
.64 45,0 87.8 3,77 004 44.5 192.1 00159 li*J -
1,36 44.6 94.9 3.48 010 44,4 229.6 00127 i
2,86 44.0 110.¢ 3.01 ool 44,3 2SE.9 : 00111 g :
3 +. 56 43.4 125.% 2,64 4032 44.2 66,7 .00201
g 5.86 42.5 141.3 2,34 043 44.0 277.6 00101 2]
¥ 7,40 41.5 158,5 2,09 055 43,9 256.1 .00111
4 8.44 40,7 170.6 1,94 062 43.7 252.7 +00112
9.40 39.6 182.8 1,81 .069 43,5 219.9 00133 T
10,40 38.7 195.7 1,69 077 43.3 268.2 00104
11.4C 37.6 209.8 1,58 . 064 43.0 166.,1 00191 !
12.00 5C.6 219.1 1,51 .088 42.9 261,0 .00108 s
Run 18-3: & = 0.136 1lb/uce; Q = 2,71 Btu/aec; q = 0.230 Btu/{sq 1in.)(sec) -
0,055 40.6 82.6 3.07 0.018 45.7 249.3 0.00112
64 40.4 89.4 2.84 024 435.C 238.0 .00118
1.356 10.1 Oi.l 2.61 051 45.6 265.8 .00103
2.u6 39.5 113.6 2.235 046 43.5 266.7 .00103
4.3 &1 130.6 1.94 Q60 43.3 264.0 .00104 |
5.86 57.8 143,95 1.71 074 43,1 269.4 .00106 .
7.4C 6.6 1682 1.51 085 42.9 230.3 00122 .
. .44 350 182.1 1.39 097 42.7 220.4 .00129 ﬂ
[ 9.40 54.4 197.5 1.26 .106 42.4 201.4 00144 \\ |
! 10,40 RE.4 213.0 1,19 s 42,1 173.7 ,00174 |
i 11.40 S1.b 231.9 1.09 124 41.8 121.3 .00289 {
j 12.00 30.1 P44.8 1.04 129 41.5 258.5 . 00106 ‘

Kun 17-4: & = 0,093 1b/uce; @ = 2,70 Btu/ace; g = 0,229 Biu/{eq in.)(scc)

uU.l 6L 2,63 0,026 42,1 2L3.6 0,00106
; 159 2,34 030 42.0 240.6 .00115
. ST 2,00 L0405 42,0 263.,0 +00104 i
] 102.8 1.69 JO6L 4149 27044 . 00100 .
123.1 1.41 085 41,0 266.7 .00102 ‘
144.6 1.20 <100 41,4 264.2 . 00103
16,0 1,03 b 41.2 253.2 .00119
14,9 U3 130 41,0 215.% .00131
202.3 e <151 40,1 2la,2 400134
Live L 104 40.0 102,56 .00151 hd
40,1 S0 k17 40.4 97.2 . 00402
Codes S8 ol 40.2 260.5 . 00104

Ran o=t @ = 0,065 1b/s 13 Bua/ace; q = 0,231 Btu/(sq in.)(see)
“

AR 43.0 0.020 40.6 250.1 £.0010C
27,0 L2.h 053 40.5 263.3 .00109
) 5 047 40.5 266.8 .00102
076 40.3 271.6 . 00100
105 40,2 270.4 . 00100

135 40,0 272.60 20089
104 33,8 246.8 .00112
' Llud 39,7 ?259.2 00116
. 203 33.2 230.7 .00121
\ 3 222 39.3 221.8 00127
g <240 39,1 121.1 00282
24,3 b2 38.9 267.2 ,00101

J
Nup l6-6; W w 0,181 1b/oce; @ = 4.55 Btu/sce; q = 0.385 Btu/(sq ii.}{sec)

0.005 La.2 34,3 4,002 0 44,4 220.0 0.00219
.64 6l 9 84,4 4,00 6] 44,8 275.2 +00167
1.56 1.6 tl.d 5.97 4] 45.3 332.6 +00134
2.86 H0.9 101.2 é.u: 013 45,5 360,1 .00122
4,96 LU0 183.5 2.7% 031 45,4 363.2 .00121
5,86 43.0 14C.5 2,32 050 45,2 3690.2 .00119
7.40 47.¢6 171.4 1,948 068 £,0 341.7 +00130
5.44 6.7 48,8 1,80 .081 44.8 332.3 .00134
9,40 4.0 207.0 1.04 002 44,5 301.1 .00150
10,40 LT 225,92 1.0 <104 44,3 280.2 .00163
11.40 42,0 247.4 .57 116 44.0 ivl.2 .00262
12,00 40.7 261.8 1,30 122 43.7 235.6 .00201 *
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TAELE I. - CONTENUED, SUMMARY OF HYDROGEN HEAT-TRANSFPER DATA FOR O.375.INGH-OUTSIDE-DIANETER TNOONRL TUBE =

[@ = heat flow; q = heat flux; ¥ = mass~flow rate.}

Axial distance | Looal static Local Average Looal Local bulk | Inside wall Heat~transfer
from tube inlet, pressure, velocity, | density, | quality, [temperature, | temperature, coefficient,
. 2 P, u, Pay’ Xy ’ Tw,il h,
in. 1b/sq in. abs| ft/sec 1b/cu £t 4 vapor 9 off Btu/sq in.~-aec-CR
. by mass

Run 18-7: W m 0.125 1b/scc; Q = 4.61 Btu/sec; q = 0.3%0 Btu/{sq 1in,){sec)
0.058 45,2 70.5 3.27 0.015 44.6 235.2 0,00205
.64 45.0 81.0 2,84 .026 44,5 358,3% «00124
1.3F 44,4 95.0 2.48 .039 44.4 363.3 .00122
2.86 43.9 118.4 1.94 .066 44.3 342.1 200131
4.36 43.0 144.8 31.59 092 44.2 2327.1 00138
5.86 41.8 172.8 3.33 .120 43.9 217.7 00143
7.40 40.4 203.3 1.1% 146 43.6 279.3 00166
8.44 39.2 225.8 1.02 .164 43.4 275.5 .00168
9,40 37, 250.5 920 .180 %13.0 @73.0 .00170
10.40 3.1 275.,6 836 .197 42,8 258,8 .00181
11.40 24,1 306.5 752 .213 42.3 158.3 .00336
2.0 e see.e S0 222 12.¢ Q37.1 .00200

Run 18-8: + = 0,088 1b/nco; Q = 4,63 Btu/scc; q = 0.392 Btu/(sq in.)(sec)
0.058 3.7 59.4 2.78 0.025% 43.1 243.1 0.00196
64 3.5 71.6 2.351 041 43,0 357.6 .00125
1.3C 37.4 85.4 1.9 .058 43.0 370.3 .006120
2.86 36.6 115.3 1.43 095 42.9 358.8 .00124
4.36 35.9 146.1 1.1%8 132 42.1 351.0 00127
5.86 34.9 178.8 (325 .168 42.5 346.6 .00129
7,40 33,1 214.8 770 . 205 42.2 313.7 .00144
8.44 32,8 240.9 686 230 42,0 306.2 .00148
9.40 31.4 269.4 614 .252 41.7 291.9 .00157
10.40 a0.2 299,/ 592 205 41.4 zlv.4 .00166
11.40 2.5 336.4 . 492 .297 40.9 190.4 .00262
12,00 er.4 261.2 .458 .311 40.6 242.6 00134

Run 20-1t & = 0,170 1b/nec; Q = 7.05 Btu/sec; q = 0.597 Btu/(aq in.)(sec)
0.056 57.9 77.1 4.14 o] 42,3 216,06 0,00339
.G4 57.6 1.8 4,10 (o} 43.0 452.6 * .00146
1,36 51.2 8.1 4.05 (o} 43.9 526.7 200124
2.96 56.1 80.6 3,96 ¢} 45,6 535.4 .00122
4.36 54.9 99.7 3,20 .018 46,2 521.0 .00126
5.06 53.5 152.5 2.41 +049 46.0 516.4 .00127
7.40 8.7 6. 1.90 o0 46,7 473.7 .00140
8.44 50.2 193.7 1.65 .101 45.4 453.1 .00146
9.40 48,1 21v.9 1.45 .119 45.1 414.5 +00162
10.40 45,0 247.4 1.29 139 44.8 391.,7 +00172
11.40 44.2 279.6 1.14 167 44.4 344.1 ,00199
12.00 42.4 301.7 1.06 108 44.0 197.3 .00390

Kun 20-2: & = 0,136 1b/sec; @ = 7,12 Blu/sec; q = 0.603 Bin/(sq in.)(sec)
0.05% 52.1 1.9 4.11 o] 42.8 230.4 0.00322
G4 1.0 62.6 4,06 [¢] 43,7 524.2 .G0izs
1.36 50.9 €3.5 4.00 ) a4, 542.1 .00121
2.86 49.6 87.6 2,90 .026 45,3 505,1 .00131
4.36 44.1 123.9 2.00 .064 45.1 478.4 .00139
5.8 4,0 1gz.2 1.57 .10z 44.8 4C0.4 .00145
7.40 44.7 204.2 1.25 . 140 44.5 421.8 .0N160
.44 45.4 254.4 1.08 <166 i4.2 L0UlB1
9.40 41,6 265.8 + 356 .189 43.9 .00172
10.40 40.3 208.5 852 .213 43.6 4 .00177
11.40 33.4 336.4 756 236 43.z 549, .00197
12.00 37.1 3681.7 0% <250 43.0 202.3 100378

Run 20-3: @ = 0.094 1b/Bec; Q = 7.15 Btu/occy q = 0.606 Blu/{sq in.)(sec)
0.055 44,0 43.5 4.05 o] 43.9 258.1 0.00283
.64 43.6 54.1 3.26 .0l5 44,3 534.8 200124
1.36 43.2 73.0 2.41 041 44,2 53C.1 00125
2.86 42.2 113.6 1.556 .095 44.0 462.8 00138
4.36 41.1 155.9 1.13 +143 43,8 452.4 .00148
5.86 3.6 201.3 876 202 43,5 455.0 00147
7.40 37.6 2535.1 G697 256 43.1 440,1 +00153
8.44 36.1 291.C +60G 292 42.8 435.4 00154
2.40 33.08 335.3 £ 025 323 42.2 422.6 001592
10.40 32.1 381.9 462 356 41.8 419.5 .00160
11.40 29.3 444.4 + 397 588 41,1 385.8 00176
12,00 27.4 490.3 + 360 1406 40.6 216.7 00344
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TRRER 1. -coﬁ@fﬁugﬁ SUMMARY OF HYPROGEN H

AT-TRANSVER DATA FOR 0,375 ~INCH-OUTSIDK-DIAMETER  TioC

[e= heat flows q-m heat-fLuxy ¥ - tinss-#1ow ;'aeé.]

Axial distdnce |Local static Looal Average Local Local bulk [ Ineide wall .| Heat~transfer
from tube inlet, preasure, . | velooity, ! deneity, | quality, | temperaturé, | temperature, coefficient,
) Py u, Pay? X, T, Ty, 10 h, :
in. 1b/sq in. abs| ft/ses .| 1p/0u pt vapor R og - Btu/sq in,-8ec=°R
y mass
Run 20-41 W = 0,078 lb/secy @ = 7,17 Btu/secy 'q » 0,808 Btu/(zq 1in,)(sec)
0.055 37.4 42.3 5.48 0.009 43,0 278.2 0.,00258
.64 37.0 61.4 2.40 037 42,8 545,4 .00121
1.36 36.5 83.3 1.77 067 42.8 545.9 + 00121
2.86 35.4 130.9 1.13 +131 42.6 513.0 .00129
4.36 5.0 181.9 .809 <194 42.3 502.7 .00132
5.86 32.5 237.1 621 .257 41.9 502.7 .00132
7.40 30.7 300.3 490 .320 41.5 579.1 .00139
8.44 29.4 347.5 424 362 41.2 482.2 . 00138
9.40 27.6 400.8 367 .399 40.7 453.3 .00147
10.40 26.2 456.8 322 .439 40.3 453.8 . 00147
11.40 £4.1 530.2 278 477 39.7 406.4 . 00166
12.00 - i o6z.08 233 499 39.2 230.5 L 00318
Run 22-4: w = 0,151 1b/asec; Q =~ 8.23 Btu/sec; q = 0.697 Btu/(sq in.)(sec)
0.055 85.0 1.4 3,97 0 45.4 259.4 0,00326
.64 64.7 72,3 3,92 0 46,2 530.6 .00144
1.36 4.4 73.4 3.86 [} 47.2 565.,9 00134
2.86 63.4 100.4 2.82 034 47.5 533.7 +00130
4.38 62.0 134.5 2411 0786 47,3 563.1 » 00135
5.86 80.2 170.7 1,66 07 47,0 529.6 00144
7.40 58.0 210.9 o34 +159 46,7 494.6 »00156
8.44 56.1 239.4 i.18 .186 46,4 480,1 + 00161
9.40 54,0 768.3 1.06 211 46,0 462.2 + 00168
10.40 51.4 301.9 2938 .236 45,6 444.6 00175
11.40 48.1 341.3 .830 259 45,1 410.6 .00191
12.00 45.8 368,93 .768 273 44.7 260.2 00324
Run 20~5: = 0,176 lb/scc; Q = 8.77 Btu/sec; q = 0.828 Btu/(sq 1in,){sec)
0.055 66.4 80.4 4.14 0 42,3 236.0 0.00426
.64 66,1 81,4 4,09 0 43,3 5%4.2 . 00150
1.36 65.6 82,7 4,02 0 44,4 650,0 . 00137
2.86 84.6 85.4 3.90 0 46.6 639.2 ,00140
4.36 83.4 106.7 3.12 022 47.5 6168.5 .00145
5.86 61.7 147.2 2.26 064 47,3 601.4 »00150
7.40 59.6 191.8 1,73 .107 46,9 55107 +00164
8,44 67.7 224.0 1.49 +135 46.6 527.3 00172
9.40 55.0 e57.1 1.29 .160 46.2 479.5 .00191
10,40 52.8 392.8 1,14 +186 45.8 456.6 . 00202
11.40 49.4 135.4 .992 211 45.3 408.2 »00228
12.00 46.7 3%6.5 .908 .225 44.8 188.5 . 00576
Run 20-6: w = 0,332 lb/oec; Q = 9.93 Btu/occ; q = 0.841 Btu/(aq in.)(seec)
0.055 57.9 6.5 4.10 0 43,0 260.2 0.00406
.64 57.6 6.5 4.03 0 44.3 631.,0 .00143
1.36 56.9 €:.8 3.95 0 45.8 853.2 +00138
2,06 55.7 2.1 2.55 043 46.3 605.1 .00150
4,36 54,3 143.2 1.73 .099 46,1 566.3 00352
5.06 52.6 191,7 1.28 164 46.8 548,1 .00168
7.40 50.1 246.1 1.01 210 16.4 508.6 00182
8.44 48,2 286.2 +866 246 45.1 507.6 .00182
.40 45.4 330.2 750 279 44.6 480.0 .00193
10.40 43.3 376.6 .658 .313 44,2 477.4 .00194
11.40 39.9 436.3 .568 344 43,5 432.6 .00216
12,00 37.4 480.8 516 363 43.0 198.0 . 00543
Run 20-7: w = 0,093 1b/sec; Q = 9.93 Btu/scc; q = 0.841 Btu/(sq in.)(sec)
0.055 49.3 42.9 4.05 0 44,0 267.6 0.00376
.64 49.0 49.1 3.53 .009 45.2 653.2 .,00138
1.36 48.5 73.0 2.38 046 45,1 653,17 .00138
2.86 47.4 124.2 1.40 .125 45.0 577,17 .Q0158
4.36 46,1 177.7 .973 202 44,7 541.9 .00169
5.86 44.3 235,¢ 737 .278 44,4 559.5 .00163
7.40 41.8 301.8 375 .355 43.9 546.0 .00l68
8.44 39,9 381.9 .493 405 43.5 555.4 .00164
9,40 36.9 411.6 422 «449 42.9 525.3 .00174
10.40 34.8 473.0 «367 496 42.5 526.8 .00174
11.40 31.1 562.2 . 309 .539 41,6 477.4 .00193
12.00 28.1 £638.9 272 583 40,8 211.5 .00493

9L6~H
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| TABLE.I. - (CONCLUDED.. SUMMARY OF HYDROGRN HEAT~TGANSFER DATA FOR 0,375~

* " '[q = heat Plow} q = heat flik; ¥ = mass-flow inﬁé_.] ;

Axial distance |Looal statilc Loeal Average Local Loocal bulk | Inside wall -Hert~tranafar
from tube inlet, preasure, velooity, | density, | quality, | temperature,| temperature, ceefficient,
10 1W/0q in. she | £e/ste av 14 vapor T Tyia? Bt/ 1 R’
e Ane s 3 [ L . 84y Ln.w8ece
_ 1b/cu £t by mads ‘ R B . el il
Run 20-8: W = 0.078 lb/soc; Q = 9,89 Btu/mecj q = 0.838 Btu/{sg in.)(eec)
0.055 41.5 41.7 3.51 0.009 43.9 289.2 0, 00342
.64 41.1 €5.9 2.22 048 43.8 679.2 . 00132
1.36 40.5 93.7 1.58 ,091 43.7 651.3 00131
2.86 39,2 154.0 . 949 ,181 45.4 609.0 00149
4.36 37.7 2l8.4 +669 269 43.1 583.1 L0085
5.86 36.1 287.9 .508 .357 42.8 603.8 00143
7.40 33.9 369.1 . 396 +445 42.3 501.4 . 00153
8.44 32. 4321.5 .339 503 41.9 622.4 . 00144
2.40 29.8 504.9 .289 .555 41.3 587.8 . 00153
10.40 27.9 583.3 .250 609 40.8 594,5 . 00151
11.40 25.3 686.7 .213 661 40.0 544.2 . 00166
12.00 23.2 772.6 .189 691 39.4 PR, 7 00425
Run 22-1: W = 0.142 1b/sec; Q = 10.93 Btu/secy q = 0.926 Btu/(sq in.){sec)
0.055 71.1 66.6 3.90 [} 45.0 283.7 0.00444
.64 7049 €7.7 3.92 0 46.2 686.0 . 00145
1.36 10.2 69.3 3.84 0 47.6 713.7 00139
2.86 68.7 99.0 2.68 .043 468.3 682.4 . 00146
4.36 67.0 141.1 1.88 .104 48.0 647,2 +00154
5,86 €4.9 185.9 1.43 163 47.8 605,2 . 00166
7.40 62.2 23%6.2 1.12 .223 47.4 577.5 +00175
8.44 60.0 273.7 .970 262 47.0 564.0 00179
9.40 7.8 311.0 .854 .297 46,7 548,4 . 00184
10.40 88,1 52,7 L7183 .333 4€.2 £24.9 . 0019C
11.40 51.7 401.3 .662 . 367 45.7 490.8 « 00208
'12.00 49.4 434.7 611 .387 45.3 263,.2 00425
Run 22-2: @ = 0,101 ib/oec; Q = 10.95 Btu/sec; q = 0.928 Btu/(sq in.)(sec)
0.055% 59.3 47.9 3.96 45.5 260.4 0.00432
.64 58.7 52.2 3,64 . 008 46.8 €88,6 . 00145
1.36 58.2 75.1 2,53 .045 46.7 €93.3 00144
2.88 56.7 124.1 1.53 127 46.5 651,8 . 00153
4.36 54.8 175.8 1.08 . 207 46.2 619.2 . 00162
5.86 52.6 251.5 .820 . 286 45.8 £09.2 .00165
7.40 49.8 294.2 645 365 45.4 604,0 .0016€
8.44 47.6 341.5 556 417 45.0 597.8 . 00168
8.40 45.4 389.6 487 .464 44.¢ 586,5 .00171
10.40 42.6 447.8 424 511 44.1 575,2 .00175
11,40 39.3 51741 L6 556 43.4 519,86 . 00195
12.00 37.1° 567.3 335 582 43.0 266.5 . 00415
Run 22-3: W = 0.064 ib/acc; Q = 10.94 Btu/secc; q = 0.927 Btu/(aq in.){sec)
0.085 48.7 40.0 3.20 0.017 45.2 294.9 0.00371
.64 4n.3 83.0 2.01 067 45.2 741.9 . 00133
1.36 47.8 90.4 1.4 ,123 45.0 732.3 00135
2.46 46.5 144.4 862 240 44.8 675,2 .00147
4.35 44.9 210.0 609 .355 44.5 678.0 .00146
5.8¢ 43.0 276.6 462 468 44.2 68l.2 . 00146
7.40 40.6 | 353.0 . 362 561 43.7 677.6 . 00146
8.44 36.7 411.4 311 £58 43.3 £16.4 .001486
9,40 36.6 472.9 .270 124 42.9 674.7 . 00147
10.40 34.3 545.4 234 792 42.4 660.2 00150
11,40 31.5 634.8 202 859 41.7 601.7 . 00166
12,00 29.6 699.6 183 897 41.2 301.5 00356
Run 20-9: # = 0.186 1b/sec; Q = 11.91 Btu/sec; q = 1.01 Btu/{sa in.)(sec)
0.05% 72.3 75,9 4.09 (4] 43,1 249.6 0.00489
.64 71.9 77,1 4.03 4] 44.3 670.7 ,00161
1,36 71.3 78,6 3.95 0 45.7 731.9 00147
2.86 70.1 82,1 3.18 4] 48.5 689.4 00157
4,36 88,5 126.0 2.47 .056 48.3 660.8 .00165
5.86 66,4 1i2.7 1.80 112 48.0 841.0 00170
7,40 63,7 224.7 1.38 .169 47.6 588.5 .00188
8.44 61,6 263.1 1.18 .206 47,3 586.9 .00187
9.40 58.3 305.5 1.02 258 46.68 513.8 .0021.6
10.40 55.8 348.3 .092 272 46,4 496.5 .00224
11.40 51.7 401.7 773 303 45,7 436,1 .00258
12.00 46.3 442.7 . 702 321 45.1 190.5 . 00694
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Inside-wall temp., Ty, 1, °R

: ‘

s ‘ _
(table I) 1b‘/';ec : B'cu?;ee Tbﬁizn, %

N 18.3 0.136 271  44.0 12
a 18-6  0.181 4,556 44.4 12
D 18-7 123 461 © 44,9 22 —
0 20-1  0.170 7.05 . 42.3 16
(v) 20-2 138 7.12  42.8 24 __|
(»] 20-3 .094 7.156  43.9 40
v 20-5  0.178 9.77  42.3 22
> 20-86 .132 9.93  43.0 3B —
a 20-8 .078 9.89 44,2 68
700 !
A Run
»
\20-5
600 R 20-8 y
20-6
N
- : \ 3
— 20-~1 \
500 VAR T oo
SEHRN |
‘\\c el ™~
400 ™
O
18-6
e ‘_
[—— ¢ 187 NK
300 ™S s
~ _J
A 183 D——D—_D\\‘\
- o~ ~0 N
e
200 \5&\ \
\\ d
\q
100 ] y. 16 12
Inlet Length, L, in. Exit

(a) 0.375-Inch-outside-diemeter Inconel tube.

Figure 3. - Typical inside-wall temperature distributions.
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Inside-wall temp., T, ;, °R
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900

Vapor binding

800 —T
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To— _4, _[ 10-87 D,JL A
—-—~-0
700 ~ \\
600 |—— D\\cz\‘ux
Run vy Q Tp,1ins 10-4E
1b/sec Btu/sec  Op
soob 0 16-10 0.084  1.46 41.4
© 16-20 .057  2.42 42.0
O 10-4  .065  6.07 44.1
o 10-8 .064 8.25 44.4
O 12-9  .090 15.20 43.4
400 |
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2000

300
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v

v
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6
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(b) 0.625-Inch-outside-diemeter stainless-steel tube.
Figure illustrates vapor binding.

Figure 3. =~ Concluded.

distributions.

Typical inside-wall temperature
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Pressure, D, 1b/sq in. abs

80

1 L]

— e e Analytical

T 1
m Y.V’ Q’ ' » X

(teble I) 1b/sec Btu/sec Tbéén ;’

o) 22-4¢ 0.131 8.23 45.4 27 .
| (o) 28~1 142  10.93 45 38

Q . 28=2 «101 10.95 45.5 57
D 22-3 <068 .10.94 45.5 89

Experimental

20
0
Inlet

2 4

6

Length, L, in.

10 1z
Exit

Figure 4. = Comparison of experimental and theoretical pressures
slong length of test section of 0.375-inch-outside-dismeter
Inconel tube.
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Heat-transfer coefficient, h,
Btu/(sq in.)(sec)(°R)

| ] L I [
Run W Q ) » X
(table I) 1b/sec Btu/sec Tbé;n ;’
y . Q 18-8 0.088 4.83 43.4 31 —
O 20-2 .136 7.12 42.8 24
v 20-5 178 S5.77 42.5 22
[~ 20-6 .132 9.93 43.0 36
A 20-8 .078 9.89 44.2 69
.0028
.002¢ f
Run
/r 20-6
r 20-5
. 0016 f
/D/ 20-8
. 0012
0 2 4 6 B 10 12
Inlet Length, L, in. Exit

(a) 0.375-Inch-outside-diameter Inconel tube.

Figure 5. - Typical local values of heat-transfer coef-
ficient along length of test section.
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Heat-transfer coefficient, h, Btu/(sq in.)(sec}(°R)

le é;v Q:,
1b/sec Btu/sec Ty tns
O -4 0.140  3.08 41,2
©  14-3 .100 3,08 43.6
4 145 .057 =14 42,1
. 0008 + 147 .139  5.60 45.5
X 14-8 .075  5.8% 44.4
o L4
. 0007 o+
/T
14.7 /
wd
N — ¥
'oooe - .
\xﬁ 14-8
[ "
EaY ‘x_
143
0008 q //r /O\ o —
N ne== o
' —
N1 T
0004 - &
« 000
0 2 4 8 3 10 12
Inlet Length, L, in. Bxit

(b) 0.625-Inch-ocutside~-diameter stainless-steel tube.

Figure 5. = Concluded. Typicel local values of heat~transfer
coefficient along length of test section.
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Specific heat, Cp, Btu/(1b-mass)(OR)

v

v

20

30 40
Temperature, T, °R

(2) Liquid para-hydrogen (refs. 5 and 6).

50

(b) Concluded. Specific heat.

Figure 8. - Continued. Thermodynamlic and
trengport data for liquid and gaseous

hydrogen.
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Pressure, p, lb/sq in. abs

200

100
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40

20
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.l

¥ ] 4 6 8
Seturation density, og, 1b-mass/cu £t

(1) Normsl saturated gaseous hydrogen {(ref. S5).
(e) Density.

Figure 8. = Continued. Thermodynamic end transport data for liquid and
gasenus hydrogen.
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Pigure 8. - Concluded, Thermodynamic and transport data for 1iquid and gaseous hydrogen,
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